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The induction of senescence in tumor 
cells impairs transformation and 
promotes an anticancer immune response 
resulting from the production by senes- 
cent cells of cytokines and chemokines, 
an aspect known as "senescence-associ- 
ated secretory phenotype" (SASP). Here 
we discuss recent findings regarding the 
role of NFkB in the modulation of the 
SASP and the consequent anticancer 
immune response. 

Cellular senescence constitutes an irre- 
versible cell cycle arrest that occurs in 
normal cells in response to various adverse 
conditions, including telomere shortening 
in replicative senescence 1 as well as telo- 
mere dysfunction in oncogene-induced 
senescence (OIS). 2 In addition, premature 
(or accelerated) senescence can be readily 
elicited in tumor cells by the administra- 
tion of sublethal concentrations of con- 
ventional anticancer drugs. 3 

The acquisition of a senescent phe- 
notype in cells from different tissues 
(e.g., fibroblast, epithelial or endothelial 
cells) is accompanied by an increased 
secretion of specific cytokines, chemo- 
kines and other factors, which affect both 
senescent and neighboring, non-senescent 
cells via autocrine/paracrine mechanism. 
The secretion of these factors has been 
referred to as "senescence-associated secre- 
tory phenotype" (SASP). 4 Notably, the 
SASP occurs not only in vitro, but also in 
vivo, in response to oncogene activation or 
DNA-damaging chemotherapy. 5 

The induction of cell senescence has 
been associated with various anticancer 



effects. For instance, OIS acts as a very 
effective barrier to cell transformation, in 
both mouse models and in human can- 
cers. 6 In addition, the induction of an 
accelerated senescent phenotype by che- 
motherapeutic agents critically contrib- 
utes to the efficacy of anticancer therapy. 7 
The SASP has been implicated in several 
of the tumor suppressive effects of senes- 
cence. Kuilman and colleagues identified 
interleukin (IL)-6 and IL-8 as essential 
mediators of oncogenic BRAF-induced 
senescence. 8 In response to oncogenic 
stress, the activation of the transcrip- 
tion factor C/EBPfS stimulates IL-6 and 
IL-8 secretion. Interference with either 
of these cytokines, or with their recep- 
tors, resulted in the bypass of the senes- 
cence. Interestingly, IL-6 depletion also 
reduced C/EBPJ3 levels, highlighting the 
existence of a positive feedback loop that 
acts to sustain the senescence-associated 
cell cycle arrest. Membrane bound IL-la 
has also been shown to act as a positive 
regulator of IL-6 and IL-8 expression in 
senescent human fibroblasts. 5 Indeed, 
the autocrine stimulation of senescent 
cells with IL-la induces the constitu- 
tive activation of NFkB, which in turn 
transactivates IL-lot, resulting in another 
positive feedback loop. The inhibition of 
IL-la signaling limited both NFkB and 
C/EBP|3 activity, as well as the secretion 
of IL-6 and IL-8. 9 Finally, a positive feed- 
back loop involving the chemokine recep- 
tor CXCR2 and its ligands, namely IL-8 
and GRO-a, has been shown to act to 
reinforce replicative senescence in primary 
human fibroblasts. 10 NFkB and C/EBP|3 
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coordinately regulate the expression of 
CXCR2 ligands during OIS. 10 Hence, 
several components involved in the SASP 
operate within positive feedback loops 
that reinforce the growth arrest associated 
with cell senescence. 

Besides contributing to the autocrine 
loops that reinforce the senescent phe- 
notype, the SASP is also responsible — at 
least in part — for a crosstalk between 
senescent cells and cells of the immune 
system. This crosstalk mediates additional 
anticancer function of senescence, as it is 
important for the recruitment of immune 
cells to the tumor site as well as for clear- 
ance of senescent cells. Such an immu- 
nomodulatory function of the SASP has 
been described in normal senescent cells" 
as well as in senescent tumor cells. 12,13 For 
instance, the restoration of endogenous 
p53 expression in hepatocarcinoma and 
sarcoma leads to induction of a senes- 
cence program that triggers tumor clear- 
ance in vivo, through the activation of an 
innate immune response. The molecular 
mechanisms mediating such anticancer 
immune responses have not yet been fully 
elucidated, although SASP components 
including several immune modulators are 
likely to be involved. 4,11 In addition, it has 
been shown that senescent myeloma cells 
express natural killer (NK) cell-activating 
ligands on their surface. 14 

We recently investigated the crosstalk 
between prematurely senescent tumor 
cells and cells of the innate immune sys- 
tem, as well as the potential involvement 
of death receptors in the recognition and 
clearance of premature senescent carci- 
noma cells by the immune system. 15 We 
evaluated the expression of FAS, DR4 and 
DR5 on proliferating and senescent (in 
response to chemotherapy) induced lung 
adenocarcinoma A549 and breast carci- 
noma MCF7 cells. We showed that the 
induction of senescence in both tumor 
cell lines is associated with an increase in 
FAS expression. Such upregulation of FAS 
in senescent cells sensitized cells to the 
induction of apoptosis. 

Inflammatory cytokines have previ- 
ously been implicated in the modula- 
tion of FAS expression in different cell 
types. For instance, the administration 
of both tumor necrosis factor a (TNFa) 
and interferon 7 (IFNy) has been shown 



to trigger FAS upregulation in murine 
fibroblasts. 16 IFN7 combined with IL-1J3 
also increased FAS expression on human 
thyrocytes, resulting in enhanced suscep- 
tibility to FAS ligand (FASL) -mediated 
cell death. 17 Finally, human endometrial 
stromal cells are normally resistant to 
FAS-dependent apoptosis, but become 
readily sensitive upon the administra- 
tion of TNFa and IFN7, which cause 
FAS upregulation. 18 These observa- 
tions prompted us to investigate whether 
increased FAS expression in senescent 
tumor cells was dependent on the SASP. 
Analyses of media conditioned by senes- 
cent MCF-7 cells highlighted an increased 
secretion of several cytokines and chemo- 
kines. 15 Among these cytokines, we iden- 
tified TNFa and IFN7 as mediating the 
upregulation of FAS in our experimental 
system. Accordingly, the treatment of pro- 
liferating cancer cell lines with TNFa and 
IFN7 resulted in FAS upregulation, while 
interfering with the TNFa and IFN7 sig- 
naling pathways decreased the amount of 
FAS expressed on the surface senescent 
tumor cells. Hence, SASP components are 
likely to promote the recognition of senes- 
cent carcinoma cells and their elimination 
by FASL-positive immune cells. 

Previous studies have demonstrated 
a crucial role for NFkB in the induction 
of FAS expression. 16,19 Since an increased 
activity of NFkB has been associated with 
cellular senescence, 10 we investigated the 
ability of NFkB to modulate the SASP 
in carcinoma cells pushed into senescence 
by the administration of chemotherapeu- 
tic drugs. To this aim, we knocked-down 
the expression of RelA, the main member 
of the NFkB family, in MCF-7 and A549 
cells by RNA interference, and then ana- 
lyzed media conditioned from such cells 
(or cells receiving a scamble siRNA) upon 
the induction of senescence. Interestingly, 
many SASP components were signifi- 
cantly reduced in RelA-depleted cells. 15 
The essential role of NFkB in modulating 
the SASP has recently been substantiated 
in response to diverse senescence-inducing 
stimuli. 20 Notably, the reduction of RelA 
signaling in senescent MCF-7 and A549 
cells inhibited the secretion of both TNFa 
and IFN7, as well as the surface expression 
of FAS. These data demonstrate the exis- 
tence of a RelA-dependent autocrine loop 



that controls FAS expression by senescent 
tumor cells. Moreover, these findings sug- 
gest a novel anticancer function of the 
SASP: the sensitization of senescent tumor 
cells to FAS-mediated apoptosis (Fig. 1). 

Hence, SASP components form a com- 
plicated network that is involved in rein- 
forcing the senescence-associated growth 
arrest as well as in promoting the recogni- 
tion and clearance of senescence cells by 
the immune system. These two biological 
outcomes of cell senescence are likely to 
be induced in vivo, in different settings. 
For instance, senescent melanocytes in 
nevi are maintained in a growth-arrested 
state for years, while senescent carcinoma 
and sarcoma cells are readily cleared by 
the innate immune system. 12,13 It is tempt- 
ing to speculate that the interplay of dis- 
tinct transcription factors, including but 
perhaps not limited to NFkB, C/EBP(3 
and STAT1 might induce specific SASP 
components that regulate the outcome 
of senescence. Further investigation is 
required to assess how distinct secretory 
profiles are induced in different physio- 
pathological and experimental settings. 

Several lines of evidence point to NFkB 
as a critical regulator of the SASP. By using 
in silico approaches, different groups have 
identified multiple NFKB-controlled 
genes that are upregulated in senescent 
cells. 21,22 However, the precise role of 
NFkB in the induction of senescence and 
in the maintenance of the senescent phe- 
notype is not yet clear, similar to the func- 
tional role of NFkB in promoting growth 
arrest and aging as well as cell growth and 
cancer. Experimental evidence suggests 
that NFkB is important for the induction 
of a growth arrest. For example, Penzo, et 
al. reported a transient proliferative block 
in murine fibroblast upon enforced NFkB 
activation. 23 Accordingly, Rovillain and 
colleagues found that different NFkB tar- 
get genes are up- or downregulated upon 
senescent growth arrest, and that interfer- 
ing with the activation of NFkB bypasses 
growth arrest. 24 Conversely, our data 
strongly suggest that NFkB does not play 
a major role in mediating the induction of 
cell senescence and the associated growth 
arrest upon DNA damage, as NFkB- 
depleted cells readily undergo senescence 
in response to DNA-damaging agents. 
Rather NFkB seems to be important for 
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Figure 1. The induction of senescence promotes FAS upregulation via NFkB as well as the release 
of chemokines (blue diamonds) that recruit cells of the innate immune system. In addition, senes- 
cence results in the secretion of cytokines (red and yellow dots) that act locally within autocrine 
and paracrine loops, hence sustaining the senescent phenotype and promoting the killing of 
senescent cells by the immune system. 



the maintenance of the senescent phe- 
notype. In fact, Rovillain et al. reported 
that blocking NFkB activity (by the ecto- 
pic expression of a superrepressor form of 
the inhibitory subunit IkBoi) overcomes 
growth arrest and increases the number 
of growing colonies. 24 Accordingly, in 
our experimental system NFKB-deficient 
senescent cells escape from the senescence- 
associated cell cycle arrest (Crescenzi and 
Leonardi, unpublished data). This effect, 
however, is seemingly not due to a direct 
control of cell cycle progression by NFkB, 
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